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The present study investigates the dynamics of human walk-to-run (W-R) and run-to-walk (R-W)
transitions. Most particularly, it investigates the difference between the critical velocities (specifically,
Froude Numbers) at which walk transitions to run and run transitions to walk, a difference referred to as
hysteresis. Its primary theoretical focus is expressing the dynamics that distinguishes between (a) the
classically observed positive hysteresis in which R-W critical Froude Number > W-R critical Froude
Number and (b) the recently observed negative hysteresis in which R-W critical Froude Number < W-R
critical Froude Number. Four experiments on treadmill locomotion of young adults were directed at the
dependence of hysteresis on (1) treadmill speed (constantly increasing or decreasing), (2) treadmill slope
(0%, 5% and 10%), (3) concurrent cognitive activity (no counting, counting back from a given number by
ones, by sevens), and (4) so-called functional distance (report of upcoming transition speed while walking
or running on the treadmill versus while standing off the treadmill). In respect to Experiment 1, treadmill
speed did not affect critical Froude Numbers and, perforce, degrees of positive hysteresis. In respect to
Experiment 2, treadmill inclination affected the critical Froude Numbers but not the degree of positive
hysteresis. In respect to Experiment 3, the more difficult the cognitive activity concurrent with treadmill
locomotion the larger the positive hysteresis. In respect to Experiment 4, judging the treadmill speed at
which a gait transition was expected when standing off the treadmill yielded negative hysteresis in
contrast to the positive hysteresis when walking or running on the treadmill. The results of the four
experiments were addressed through a synergetic model of positive and negative hysteresis adapted from
Lopresti-Goodman et al. (2013). The results were found to be consistent with principles of selforganization.
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Chapter 1
Introduction
In our everyday activities, we are regularly confronted with switching between behaviors. For
example, humans or animals switch from walking to running or vice versa depending on their
required locomotion speed. In a laboratory setting, specifically on a treadmill with varying speed, the
transition between gaits (walking or running) has been investigated extensively. It is known that the
transition depends on different parameters such as speed, stride length or stride frequency (e.g.
Diedrich & Warren, 1995).
From an ecological viewpoint, the switching between behaviors is based on the perception of
an opportunity for action in the environment (e.g., running) that one perceives relative to one's
dimensions and action capabilities (e.g., leg length, weight, etc.). This idea that the environment is
perceived as body- and action-scaled reflects Gibson's concept of affordances (Gibson, 1979/1986).
For example, a treadmill operating at a particular speed that affords walking for an adult (with longer
legs) can only afford running for a child (with shorter legs). In some studies, it has been considered
that a dimensionless ratio, known as a π-number (Diedrich & Warren, 1995; Warren, 1984),
invariantly specifies the boundary between walking and running irrespective of different action
capabilities of differently sized individuals.
In the literature, not only one, but several different dimensionless numbers have been
suggested. Some researchers have proposed that locomotory movements are dynamically similar
when their Froude (Fr) numbers are equal (e.g., Alexander, 1992), where Fr = v2/(lg) (i.e., the
squared speed, v, divided by the product of leg length, l, and gravitational acceleration, g). The πnumber Fr can be characterized as the ratio of inertial to gravitational forces. In what follows we
will call the Fr number at which the transition occurs the critical Fr.
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The physical interpretation of critical Fr is that the walk-to-run transition occurs when the
acceleration of the body’s center of gravity resulting from inertial forces exceeds the acceleration
caused by gravity. An alternative dimensionless quantity or π-number, Qmetab, has been defined
through mechanical and thermodynamical forces rather than mechanical forces alone (Turvey, Holt,
LaFiandra, & Fonseca, 1999). Qmetab most closely resembles the Reynolds (Re) number, a ratio of
inertial to viscous forces. Turvey et al. argued that the value of speed or Fr is incidental; the walk-torun transition occurs where the rate of change in total kinetic energy exceeds the rate of oxygen
consumption or when Qmetab exceeds 1.
Regardless of the choice of dimensionless number, it is the case that the transition boundary
differs experimentally for systematically increasing and systematically decreasing the π-number or
the speed: There is hysteresis (e.g. Diedrich & Warren, 1995; Hreljac, 1993, 1995). Hysteresis is
defined as a property of a system such that an output value is not a strict function of the
corresponding input, but also incorporates some delay or history dependence and in particular when
the response for a decrease in the input variable is different from the response for an increase.
Hysteresis (or positive hysteresis; having a larger transition value when increasing the input
variable than when decreasing the input variable) is a concept that is originally from physical
sciences because of the primacy of their observance in physical phenomena. Historically, the term
was coined around 1890 by Sir James Alfred Ewing to describe the behavior of magnetic materials.
A more formal mathematical theory of systems with hysteresis was developed in the 1970s by a
group of Russian mathematicians led by Mark Krasnosel’skii (Mayergoyz, 2003). Hysteresis is the
dependence of the output of a system not only on its current input, but also on its history of past
inputs. Hysteresis occurs in ferromagnetic materials and ferroelectric materials in response to
varying forces. For example, in lasers, hysteresis is indexed as the difference between the critical
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pumping intensity at which the laser switches on and the critical pumping intensity at which it
switches off.
Hysteresis has been identified in various psychological phenomena and in particular
affordance research (e.g. in perceptual speech categorization in Tuller, Case, Ding, & Kelso,
1994; in perceptual judgments of the maximum slope of a surface that afforded upright posture
with either visual or haptic exploration in Fitzpatrick, Carello, Schmidt, & Corey, 1994). The
hysteresis phenomenon in gait transition —higher transition speed for walk-to-run than for runwalk—has also been reported in a number studies (e.g. Diedrich & Warren, 1995; Hreljac,
1995b).
There are two types of hysteresis in general. Positive hysteresis in which, as mentioned
earlier, the transition value is larger when increasing the input variable than when decreasing the
input variable. There is also negative hysteresis in which the transition value is larger when
decreasing the input variable than when increasing the input variable.
Whereas positive hysteresis has been historically observed in a variety of physical
phenomena, negative hysteresis is a relatively new phenomenon. Only recently a number of
studies have reported negative hysteresis, in particular in the field of lasers. For example, there is
a class of lasers, referred to as Class B lasers (Tredice, Arecchi, Lippi & Puccioni, 1985), that
show no delay or a negative time delay (anticipation) of the switch-on which yields to a negative
hysteresis cycle as the laser switches on and off in one period of the modulation of the cavity
losses (Bromley, D’Angelo, Grassi, Mathis, Tredicce & Balle, 1993). A numerical study by
Torre and Masoller (2010) has shown thermally induced hysteresis on the vertical-cavity surfaceemitting laser (VCSEL) switch-on and switch-off points. The phenomenon depends on the
relationship between two time scales: that of the current modulation, which results in dynamical
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hysteresis, and that of thermal dissipation, which is an additional source of hysteresis that can
give either positive or negative hysteresis cycles. The results were interpreted in terms of the
interplay of the two time-scales determined by the injection current sweep rate and the thermal
relaxation rate.
Negative hysteresis (also called enhanced contrast by Tuller et al., 1994) has also been
observed in a number of psychological paradigms (in perception of grasp-ability of objects in
Richardson, Marsh, & Baron, 2007; see also Dotov, 2013; Fitzpatrick et al., 1994; Hirose &
Nishio, 2001; Tuller et al., 1994). It seems to be observed when the opportunity to actually
engage in the afforded action is lacking. Negative hysteresis typically characterizes contexts
when perceptual judgments are indexed by verbal classification (e.g., evaluating the transition
from one to two-handed grasping, Lopresti-Goodman, 2009; or from step-over-able to not-stepover-able in perceiving the affordance of stairs; see also Fitzpatrick et al., 1994; Hirose &
Nishio, 2001; Richardson et al., 2007).
In the gait transition literature, a few studies have reported negative hysteresis (e.g., Getchell &
Whitall, 2004; Li, 2000). These studies identify specific conditions under which the transition speed
for run-to-walk is higher than that for walk-to-run. Figure 1 shows the schematic contrast between
positive and negative hystereses.
Among the studies that report negative hysteresis in gait transition, Li (2000) suggested that the
rate of change in speed (whether acceleration or deceleration) influences hysteresis direction or
stability landscapes. He observed that the walk-to-run transition occurred at higher treadmill speeds
for larger speed increments while the run-to-walk transition occurred at lower speeds for larger
speed decrements. At the highest rates of change in speed, run-to-walk transitions were slower than
walk-to-run transitions (i.e., positive hysteresis); this trend was reversed for smaller speed changes
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(i.e., negative hysteresis). Also, Getchell and Whitall (2004) studied gait transition in the context of
spontaneously switching between symmetrical gaits versus intentionally switching between
symmetrical and asymmetrical gaits. They observed negative hysteresis when they asked participants
to switch between walking and galloping or between running and galloping with varying speeds. In
their experiment, trials with increasing treadmill velocities (e.g., walk to gallop) had lower transition
velocities than did those trials with decreasing velocities (e.g., gallop to walk). Getchell and Whitall
concluded that the negative hysteresis phenomenon is the result of the effect of participants’
intention on the coordination dynamics.
In sum, while Li (2000) suggested that biomechanical constraints imposed on the organismenvironment system influence the hysteresis direction, Getchell and Whitall (2004) proposed that, in
their experimental paradigm, cognitive influences might underlie the switch to negative hysteresis.
From the ecological perspective, in contrast, the negative hysteresis phenomenon emerges in
situations where there is lack of information about the possibilities for action (cf. the distinction
between active- perceptual and analytical judgments; Heft, 1993).
In the present study, the aim is to reexamine the effects of environmental or biomechanical and
cognitive constraints on hysteresis. In Experiments 1 and 2, two environmental parameters
(acceleration and inclination) were manipulated to assess the influence of biomechanical coupling on
hysteresis direction. In Experiment 3, a dual task design was used to examine the extent to which a
required cognitive activity influences gait transitions. Experiment 4 was designed to examine
whether negative hysteresis can emerge as a result of manipulating (decreasing) the action-relevant
information that is available to perceivers. Similar to the literature (e.g. Lopresti-Goodman et al.,
2013; Richardson et al., 2007), the expected observation was the emergence of negative hysteresis or
at least a decrease in the amount of positive hysteresis by increasing the functional distance, the
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degree of the perceiver’s engagement with the relevant property, between the perceiver and the
environment.
The dynamical model of behavioral grasping transitions (Lopresti-Godman, Turvey &
Frank, 2011, 2013) is used in the present study to confirm the reasoning in the present
experimental paradigms for gait transition in a synergetic framework. The model was based upon
Haken's (1991) dynamical analyses of perceptual oscillations induced by viewing bi-stable
figures. It was developed further to address transitions in a bi-stable behavioral domain, namely,
grasping with either one or two hands. The first version of the grasping transition (GT) model
applied to positive hysteresis only (Lopresti-Goodman et al., 2011). The second version of the
model, the so-called GT2 model, accounted for both positive and negative hystereses (LoprestiGoodman et al., 2013). To date, there is very little effort in mathematical modeling of gait
transition (for an exception see e.g. the probabilitic model by Li, 2000). The GT2 model places
this line of research in a synergetics or dynamical systems framework.
Overview
Chapter 2 is an introduction to the dynamical model and model parameter estimation
across the four experiments. Chapter 3 addresses the effects of environmental constraints on the
dynamics of gait transition via two experiments in which two different environmental factors
(acceleration and inclination) are manipulated. It also presents experimental results and estimated
model parameters for the two experiments. Chapter 4 focuses on the influence of cognitive
constraints on the dynamics of gait transition together with the model parameters and discussion
on the results. Chapter 5 studies whether manipulation of functional distance can affect dynamics
of the gait transition system and how the model parameters estimated from experimental
observation are compatible with the predictions and previous studies. Finally, Chapter 6 provides
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a general discussion based on the overall experimental results and estimated model parameters
and the significance of these observations. (In respect to hypothesis testing, the 5% level is
adopted for significance throughout the reported analyses.)
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Chapter 2
Pattern Formation and Dynamical Modeling
The idea of synergetic modeling is that natural systems are dynamical self-organizing
systems and hence their behavior can be described by means of models that characterize the
behavior of nonlinear physical systems. The mathematical theory of synergetics (Haken, 1977;
Haken 1991) starts with describing a system by a state vector having components
𝑞 = (𝑞1 , 𝑞2 , … , 𝑞𝑀 ).

(1)

The individual components describe different physical quantities (e.g., mass density,
velocity, and temperature, see Haken, 1977, or different angles between body segments, see
Haken, 1991). The state vector (and the components) are dependent on time, t, and space x
(where x = [x, y, z]). The state vector undergoes a time evolution according to an equation of the
form
𝑞̇ (𝑥, 𝑡) = 𝑁[𝑞(𝑥, 𝑡), ∇, 𝛼, 𝑥].

(2)

In Equation (2) N is a vector that depends on the state variable q at the same or at different
space points as those occurring on the left-hand side of (2). In continuously extended media,
∂

diffusion or wave propagation will take place so that the nabla operator ∇ = ( ,

∂

∂

, ) appears.

∂x ∂y ∂z

The system is subject to external controls, e.g. to the temperature difference in the Benard
instability, to the rate at which chemicals are poured into the system undergoing chemical
reactions, to the ratio between object size and human’s hand span in grasping transitions, etc.
The control parameters are denoted by α. In general, N may also depend on spatial
inhomogeneities as indicated by x. For the general case, it is not possible to solve Equation (2).
However, the basic idea of synergetics is as follows: When a system is driven only weakly by
external controls, there will be a time-independent state q0 that, in the case of a homogeneous
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system, is even space-independent (𝛼0 ⇒ 𝑞0 ). The state q0 can change qualitatively when the
control parameter is changed from α0 to α. Accordingly, we make the hypothesis
𝛼 ⇒ 𝑞(𝑥, 𝑡) = 𝑞0 + 𝑤(𝑥, 𝑡).

(3)

Inserting (3) on the right-hand side of (2), and expanding the nonlinear function N as a
power series in w, we obtain
̂ (𝑤).
𝑁(𝑞0 + 𝑤) = 𝑁(𝑞0 ) + 𝐿𝑤 + 𝑁

(4)

L on the right-hand side of (4) is a matrix (L = [Lij]) that may contain spatial derivatives.
The matrix elements are defined by
𝐿𝑖𝑗 =

𝜕𝑁𝑖
𝜕𝑞𝑗

at

q = q0.

(5)

̂ (𝑤) is a nonlinear function containing the second and/or higher powers of w. Since we
𝑁
are, at least for the moment, interested only in the onset of instability, we may assume that w is
small so that we can neglect the nonlinear term in (4). Because q0 was assumed to be a stationary
solution, which changes uniquely with the control parameter α, we have
𝑞0̇ = 𝑁(𝑞0 ) = 0.

(6)

𝑤̇ = 𝐿𝑤.

(7)

Consequently, we can derive

The solutions of (7) can be written in the general form
𝑤 = 𝑒 𝜆𝑡 𝑣(𝑥).

(8)

In Equation (8), v(x) denotes a so-called eigenvector, whereas λ corresponds to an
eigenvalue. For our purposes (i.e., winner-takes-all dynamics, see below) an eigenvector
corresponds to an observed mode, behavior, or pattern. According to Equation (8) the mode
increases in magnitude initially in an exponential way. In other words, the amplitude of the mode
increases like an exponential function. The eigenvalue (when positive) describes how fast this
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amplitude increases. Note that we will re-interpret below the eigenvalue as availability
parameter. In general, Equation (8) has several solutions.
Therefore, we shall distinguish the eigenvalues and eigenvectors by the index j; λi, vj(x).
Now, in order to solve the fully nonlinear equations (4), we make the hypothesis
𝑞 = 𝑞0 + ∑𝑗 𝜉𝑗 (𝑡)𝑣𝑗 (𝑡) (9)
where 𝜉𝑗 (𝑡) is the amplitude of the mode or pattern j. If we insert (9) into (4), and after
some simplifications, we derive an equation of the form
̂𝑗 (𝜉1 , 𝜉2 , … , 𝜉𝑀 ).
𝜉𝑗̇ (𝑡) = 𝜆𝑗 𝜉𝑗 + 𝑁

(10)

The evolving structure or, in other words, the ordering of any system whose distinct
patterns can be identified in some way, can be determined by 𝜉𝑗 (𝑡), and thus these variables are
called order parameters. The amplitude equation model that is used throughout this dissertation
holds for all kind of self-organizing systems that operate close to bifurcation points (see Haken,
1991). The amplitude equation model and, in general, the dynamical systems model that
describes bifurcations, come with testable predictions. For example, the model predicts critical
phenomena such as critical slowing down and critical fluctuations should occur close to
bifurcation point. In fact, in the literature of gait transitions some of these critical phenomena
have been found in experiments (Diedrich & Warren, 1995).
Equation (10) is the basis for the GT (grasping transition) model. The grasping transition
(GT) model, advanced by Frank, Richardson, Lopresti-Goodman and Turvey (2009), addressed
the dynamics of the affordance “graspable” with a single control parameter, mainly defined by
the ratio between to-be-grasped object size to the participant’s hand span. Lopresti-Goodman,
Turvey and Frank (2013) extended the GT model to account for negative hysteresis. In the
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present study, the modified grasping transition model from Lopresti-Goodman et al. (2013) is
adapted, for the gait transition to make predictions and discuss the results of the experiments.
To facilitate application of the model to this study, and the subsequent model parameter
estimation for the experiments, we introduce a similar notation for the affordance schema as in
Lopresti-Goodman et al. (2013) that is based on the previous work by Shaw, Turvey and Mace
(1982) and Turvey and Shaw (1979). An object X affords activity Y for an agent Z on the
occasion O if and only if X and Z are mutually compatible on dimensions of relevance to Y.
Walking and running activity Y are symbolized as YWand YR, respectively, and the occasions of
systematic increase and systematic decrease in the speed of the treadmill X are symbolized by O+
and O-, respectively. ◊ symbolizes mutual compatibility; then, the system under inquiry in the
present modeling and research is (X◊Z)Y—the mutual compatibility of X and Z with respect to
Y.
If the order parameters ξ1 and ξ2 represent the generalized amplitudes of the walking and
running modes, then the dynamical behavior of the gait transition is governed by the following
equations:
𝑑
𝜉
𝑑𝑡 1

= 𝜆1 𝜉1 − 𝐼𝜉22 𝜉1 − 𝜉13

(11)

𝑑
𝜉
𝑑𝑡 2

= 𝜆2 𝜉2 − 𝐼𝜉12 𝜉2 − 𝜉23

(12)

In Equations (11) and (12), λ1 and λ2 are “availability” parameters defining the possibilities
for walking (YW defined by ξ1 > 0, ξ2 = 0) and running (YR defined by ξ2 > 0, ξ1= 0),
respectively. Also, I is the coefficient that occurs in the mixed terms and represents the strength
of the interaction between YW and YR; the larger the interaction, the larger is the value of I (more
dominant bistability). The parameter I must satisfy I ≥ 1. Only in this case the model can account
for the mutual exclusivity of the behavioral modes. If I < 1 then modes may co-exist. This is
11

inconsistent with the experimental paradigm under consideration that allows an agent Z to
perform either walk or run but not both at the same time. The magnitude of λ determines how
strongly one of the modes is activated. A behavioral mode is available for λ > 0 and is not
available for λ < 0. Although for λ > 0 a mode is available, the mode can be either stable or
unstable. Only stable available modes are performed. In general, if λ1 (or λ2) is much larger than
λ2 (λ1), then YW (or YR) is stable. For λ1 = λ2, both modes are stable. Availability parameter or λ
is a linear function of the control parameter Fr:
𝜆1 = 𝐿1,0 − 𝐹𝑟

(13)

𝜆2 = 𝐿2,0 + 𝐹𝑟 (14)
In the original model, Equations (13) and (14), L1,0 and L2,0 are constants. Given that the
stability of YW or YR is primarily determined by the availability parameters λ1 and λ 2, if an
availability parameter is large, the corresponding Y is attractive—that is, there is a strong
tendency to perform the corresponding Y. According to Equations (13) and (14), YW becomes
less attractive as Fr increases, whereas YR becomes more attractive as Fr increases. Therefore, at
a critical Froude number, a transition from YW to YR can be observed.
Lopresti-Goodman et al. (2013) discussed that a single-parameter bistable model cannot
account for negative hysteresis in the perception of affordance “graspable”. Accordingly, they
added a negative autoregulatory component to the original model to account for negative
hysteresis. In this way, the behavioral dynamics was emergent from the interplay of two control
parameters, the dimensionless number (based on the ratio between object size to subjective hand
span) and the autoregulatory parameter.
The negative autoregulation parameter influences the strength of λ. For example, in the
grasping transition experiment, the effect of negative autoregulation depended on Y’s category,
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with verbal Y (e.g., uttering “two hands”) being more susceptible than nonverbal Y (grasping
with two hands), because of verbal Y’s less elaborate perception-action or detection-exploration
cycle. Accordingly, selective verbal Y corresponding to bimanual grasping (or YB) in O- was to
become less attractive at a faster rate than selective verbal YU (unimanual grasping) in O+.
To accommodate the negative regulation in the model, at the first place, as in LoprestiGoodman et al. (2013) we make availability parameter time dependent:
𝜆1 = 𝐿1 (𝑛) − 𝐹𝑟

(15)

𝜆2 = 𝐿2 (𝑛) − 𝐹𝑟

(16)

In Equations (15) and (16), the variable n denotes the nth nonverbal Y or nth verbal Y in
the X sequence. The offset variables L1 and L2 satisfy a deterministic stable autoregressive model
of order one:
1

𝐿1 (𝑛 + 1) = 𝐿1 (𝑛) − [𝐿1 (𝑛) − 𝑠1 ]
𝑇
1

𝐿2 (𝑛 + 1) = 𝐿2 (𝑛) − [𝐿2 (𝑛) − 𝑠2 ]
𝑇

(17)
(18)

The parameter T in Equations (17) and (18) describes the characteristic time scale of the L1
and L2 dynamics. For T→1, the variables L1 and L2 quickly converge to the saturation values s1
and s2. In the extended GT model, active Y (the Y that is “on”) is inhibited such that the
saturation value of the corresponding offset availability is reduced by the amount of h, a timedependent habituation parameter:
1−ℎ
𝑠1 = {
1
𝑠2 = {

𝐿2,0 − ℎ
𝐿2,0

𝜉1 𝑎𝑐𝑡𝑖𝑣𝑒
𝜉2 𝑎𝑐𝑡𝑖𝑣𝑒
𝜉2 𝑎𝑐𝑡𝑖𝑣𝑒
𝜉1 𝑎𝑐𝑡𝑖𝑣𝑒

(19)
(20)
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In O+, at the beginning ξ1 is the active (or the “on”) state and ξ2 is the inactive (or “off”)
state. Then, according to Equations (19) and (20) we have s1 = 1 – h and s2 = L2,0. If we assume
that the dynamics of the offset variables are fast enough that they assume their stationary values
close to a participant’s transition point. From Equations (15)-(18), it then follows that λ1 = 1 – h
– Fr and λ2=L2,0 +Fr. Yw becomes unstable at λ2 = I · λ1 (Frank et al., 2009). Solving λ1 = 1 – h –
Fr, λ 2 = L2,0 +Fr and λ2 = I · λ1 for Fr, we obtain the critical value Frc,2 for O+ in the form:
𝐹𝑟𝑐,2 =

𝐼 ∙(1−ℎ)−𝐿2,0
1+𝐼

(21)

In a similar manner, we can derive Fr c,1 for O-:
𝐹𝑟𝑐,1 =

1−𝐼 ∙(𝐿2,0 −ℎ)
1+𝐼

(22)

Combining Equations (21) and (22), we compute ΔFr as:
Δ𝐹𝑟 =

(𝐼−1)∙(1+𝐿2,0 )
1+𝐼

−

2𝐼
1+𝐼

∙ℎ

(23)

The first term on the right-hand side of Equation (23) is positive in any case (since L2,0 ≥ –1
and I ≥ 1), and the second term is negative in any case (since I ≥ 1 and h ≥ 0). The sum of both
terms may yield either a positive or negative result.
When there is positive hysteresis in the system, the system is bistable. The bistability in the
system appears when I > 1. The larger is I, the wider is the bistable domain (see Fig. 4a in
Lopresti-Goodman et al., 2011). Accordingly, the larger is I, the more positive is the hysteresis in
the system (assuming h = 0; the impact of negative autoregulation is negligible in the situations
when there is positive hysteresis). In contrast, negative hysteresis emerges when the bistability
vanishes. For I = 1, the bistability domain disappears. Parameter h in Equation (23) characterizes
negative autoregulation and contributes to negative hysteresis. When I = 1 and h > 0, from
Equation (23) we can see ΔFr = -h < 0. Accordingly, we can derive an estimator of h as:
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1+𝐼

ℎ = { 2𝐼
0

∙ |∆𝐹𝑟|

∆𝐹𝑟 < 0
∆𝐹𝑟 ≥ 0

(24)

If we replace Equation (24) with an approximate continuous function, we will have:
ℎ=

(1+𝐼)
2𝐼

∙ 𝑓𝐵 (∆𝐹𝑟) (25)

𝑓𝐵 (∆𝐹𝑟) = 𝑙𝑜𝑔𝐵 (1 + 𝐵−∆𝐹𝑟 ) (26)
In Equation (26), B is the base of the logarithm and is a large positive number. By
substituting Equations (25) and (26) into Equation (23) and solving for I, we obtain:
𝐼=

2−(𝐹𝑟𝑐,2 +𝐹𝑟𝑐,1 )+∆𝐹𝑟+𝑓𝐵
2−(𝐹𝑟𝑐,2 +𝐹𝑟𝑐,1 )−∆𝐹𝑟−𝑓𝐵

(27)

The offset saturation value L2,0 is estimated as:
𝐿2,0 = 1 − 𝐹𝑟𝑐,1 − 𝐹𝑟𝑐,2

(28)

Equations (25)-(28) are the estimators for the model parameters h, I and L2,0. In all
calculations, the parameter B = 109 is used.
Interpretation of h, I and L2,0
Roughly speaking, h is a measure of the magnitude of the habituation effect. According to
the model, when h increases then the hysteresis becomes more negative. The parameter I reflects
the strength of the competitive interaction between the behavioral modes. When I increases, the
hysteresis becomes more positive and if there is positive hysteresis then the hysteretic domain
(i.e. the hysteresis size) becomes larger. Finally, the parameter L2,0 is a measure for the overall
strength of the attractor of the second mode with respect to the first mode. When L2,0 increases
then the attractor of the second mode becomes stronger in the sense that its basin of attraction
becomes larger. This implies that the critical control parameter (here critical Froude numbers) at
which mode-mode transitions happen are shifted to lower values.
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Chapter 3
Effect of Environmental Constraints on the Dynamics of Gait Transition
Experiment 1: Effect of Acceleration
Experiment 1 is aimed at re-examining the experimental results presented by Li (2000). His
study, using a continuous protocol1, showed that acceleration (as one of many factors or task
constraints at work) influences the walk-to-run and run-to-walk probability landscape differently.
High acceleration magnitude produced a higher walk-to-run transition speed than run-to-walk
(positive hysteresis). However, similar transition speeds or negative hysteresis was observed when
the acceleration magnitude was low.
In the present experiment, using a plateau protocol2, a treadmill with varying speed at two
constant acceleration magnitudes, one equivalent to the lowest acceleration in Li (2000) and one at a
lower rate, was used to determine the transition speed.
Method
Participants. Two groups of participants underwent experimental trials for each of the
tested acceleration/deceleration magnitudes. The first group comprised 18 participants (2
women, 16 men; Mean Age = 19.3±0.8 years; Mean Leg Length = 94.1±5.0cm) from the
University of Connecticut. Participation was partial fulfillment of a course requirement. The
second group also comprised 18 participants (9 women, 9 men; Mean Age = 21.7±2.4 years;
Mean Leg Length = 89.2±6.9cm) from the University of Connecticut. The participants in this

1

In the continuous protocol, the speed of the treadmill is increased or decreased continuously using a
constant acceleration or deceleration (Hreljac, Imamura, Escamilla & Edwards, 2007; Li & Hamill, 2002).
In this manner, the participant experiences a constantly varying speed during the trial.
2
In the plateau protocol, the speed is increased or decreased by constant increments at constant intervals.
Accordingly, in each trial, the participant walks or runs at constant speed for certain amount of time based
on the testing acceleration or deceleration.
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group were paid at a rate of $10 per hour of participation. The university’s Institutional Review
Board approved all procedures.
Materials. A Trackmaster TMX-425 treadmill (180kg capacity, running surface of 76 × 160
cm, speed range 0.22 to 5.36 m/s, inclination range 0 to 25%) with manual controller and standard
safety siderails was used.
Procedure. The first group of participants was tested on the treadmill with constantly
increasing or decreasing speed at constant increments of 0.09 m/s every 5 s (yielding a constant
plateau acceleration or deceleration of approximately 0.02 m/s2). The second group was tested at
constant increments of 0.09 m/s every 10 s (yielding a constant plateau acceleration or
deceleration of approximately 0.01 m/s2). In the first group, each participant completed four O+
sequences (ascending or walk-to-run) and four O− sequences (descending or run-to-walk) of
treadmill’s speeds. The transition speeds for this group were based on averaging across
repetitions. In the second group, each participant completed only one O+ sequence and one O−
sequence of treadmill’s speeds. Participants were told which sequence (ascending or descending)
they were performing at the beginning of a trial. Before the experimental trials, participants
completed a practice trial for each of the sequences. The participants were asked to avoid holding
safety siderails unless necessary. The performance sequence (walk-to-run or run-to-walk first)
was counterbalanced across participants. The participant’s leg length was defined by adding the
measure of hip-to-knee and knee-to-ankle. The experimental speed range for the first group was
between 1.34m/s to 1.68m/s and for the second group was 1.5m/s to 2.5m/s.
Design and Analysis
The experiment was based on a 2 (acceleration: 0.01 m/s2, 0.02 m/s2) × 2 (sequence: O+,
O−) between-subjects design. Critical Fr were computed for each participant by the respective
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transition speed squared, divided by leg length and gravitational acceleration (g, equal to 9.81
m/s2). The Frc,1 and Frc,2 (critical transition Fr for descending and ascending sequences,
respectively) values were then substituted into Equations (26)-(28) to calculate the values of L2,0
and I, respectively, for different conditions.
Results
The purpose of this experiment was to determine whether treadmill acceleration qua
acceleration of the ground beneath one’s feet, functioning as an environmental constraint on
(X◊Z)Y, can affect the type of behavioral transitions. In particular, the experiment addressed
whether a negative hysteresis can be emergent by manipulating acceleration or whether the
amount of (positive) hysteresis can be diminished toward a critical point transition (where the
speed for ascending and descending trials would be approximately equal). The reduction of
hysteresis toward zero or a negative value, was expected to result in significantly smaller values
of I. Conversely, it was expected that L2 would increase.
In the ascending sequences, participants switched from walking to running at larger Fr than
in the descending sequences; overall, positive hysteresis was exhibited (See Table 1 for
individual behavioral transitions for the two acceleration conditions). Also Figure 2 demonstrates
mean Fr for each condition.
Figure 3 shows the percentage transition vs. Fr for the two acceleration rates and the two
sequences for each, ascending and descending. A 2 (Acceleration) × 2 (Sequence) betweensubjects ANOVA on the mean Fr revealed that there was a significant effect of Sequence, F(1,
34) = 40.71, p < 0.001. In the ascending sequences, participants switched from walking to
running at larger Froude numbers (Mean = 0.45±0.08) than the descending sequences (Mean =
0.39±0.08). However, the Interaction effect between Acceleration and Sequence was not
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significant; the amount of hysteresis did not significantly change across the two different
accelerations, ΔFr%0.02m/s2 = 0.069 and ΔFr%0.01m/s2 = 0.054. These results demonstrate that
changing the rate at which the speed changes during an experimental trial do not significantly
affect the amount of hysteresis. The hysteresis remained positive across the two acceleration
rates.
The GT model parameters I and L2,0 were estimated for the two acceleration conditions using
Equations (26)-(28). As explained in Chapter 2, parameter I represents the interaction among stable
states of the system (walking and running in the present paradigm). If the amount of hysteresis
would be affected by acceleration, it would be expected that parameter I significantly changes across
the two different acceleration conditions. A t-test showed that the effect of Acceleration for I was not
significant. The values of I decreased minimally with the acceleration rate (Mean0.02m/s2 =
1.32±0.29; Mean0.01m/s2 = 1.29±0.29).
With regard to the L2,0 parameter, if the hysteresis were significantly different across
acceleration conditions, it would be expected to observe a significant effect of Acceleration on L2,0.
A t-test on the L2,0 values for different accelerations yielded no significant effect. L2,0 was not
significantly different from one acceleration condition to another (Mean0.02m/s2 = 0.17±0.15;
Mean0.01m/s2 = 0.14±0.16).
Discussion
The aforementioned results of Experiment 1 are in contrast with the finding in Li (2000) where
negative hysteresis was observed for the lowest tested acceleration. Even by further decreasing the
acceleration, the amount of hysteresis did not significantly change according to the non-significant
results for the interaction effect between Acceleration and Sequence. Also, the statistical analysis on
the estimated model parameters verified that acceleration does not impact the type and amount of
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hysteresis. These results, however, are compatible with the reasoning in this dissertation, reasoning
that does not consider negative hysteresis to be the result of a biomechanical coupling of the
organism-environment system. In the next experiment, another environmental parameter that is the
slope of the treadmill will be manipulated to examine the dynamics of the human gait transition
constrained biomechanically at different levels of inclination.
Experiment 2: Effect of Inclination
Dynamical system theory views a specific gait pattern as an emergent behavior that arises from
the collective behavior of all contributing sub-systems, including both the musculoskeletal and
central nervous systems (Diedrich & Warren, 1995). Other constraints, such as those found in the
environment (e.g., gravitational forces, slippery walking surfaces) and the task itself (e.g., walking or
running at different velocities and/or different stride frequencies) also contribute to shaping the
behavior of the system.
It has been clearly demonstrated that the transition speed decreases with increasing treadmill
inclination (Diedrich et al., 1998; Hreljac, 1995)3. Figure 4 demonstrates schematically the change in
the critical Fr with the treadmill’s slope. Although it has been suggested that treadmill inclination
may also have an effect on the amount of hysteresis, the evidence is inconclusive (Hreljac, 2007).
Hreljac (1995a; 2007) measured both WR and RW in level and inclined conditions, finding no
difference in the amount of hysteresis between the different inclination conditions. Diedrich et al.
(1998), however, suggested that increasing inclination might decrease the amount of hysteresis.
Within the framework of this dissertation, based on the results by Diedrich et al. (1998), this
experiment aims at assessing the kind and the amount of hysteresis and whether decrease in the

3

The WR transition in Diedrich et al. was identified as the first stride containing a flight phase, whereas
the RW transition was defined as the last stride containing a flight phase. Transition values were taken
from the end of the last complete stride cycle before the one containing the transition.
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amount of hysteresis can be to the extent that positive hysteresis reverses to negative hysteresis. A
positive answer to this question is in line with the hypothesis of Li (2000), that is, environmental
constraints imposed on the system can influence the nature of the dynamical phenomenon of
hysteresis. A negative answer to this inquiry, however, similar to the hypothesis in Experiment 1,
supports the ecological viewpoint on negative hysteresis that is the reasoning in this dissertation.
Method
Participants. Five women and 10 men (Mean Age = 20.3±1.8 years; Mean Leg Length =
91.9±5.4cm) from the University of Connecticut participated in the experiment. The participants
were paid at a rate of $10 per hour of participation. The university’s Institutional Review Board
approved all procedures.
Materials. The same Trackmaster TMX-425 treadmill (180kg capacity, running surface of 76 ×
160 cm, speed range 0.22 to 5.36 m/s, inclination level 0 to 25%4) with manual controller as in the
Experiment 1 was used in Experiment 2.
Procedure. Each participant completed two repetitions of O+ sequences (ascending or walkto-run) and two repetitions of O− sequence (descending or run-to-walk) of treadmill’s speeds for 3
different inclinations (0, 5% and 10%). Participants were told which sequence (ascending or
descending) they were performing at the beginning of a trial. However, they were not explicitly told
that the inclination was being manipulated. Before the experimental trials, participants completed a
practice trial for each of the sequences at zero inclination. The final results were based on averaging
across repetitions. The participants were asked to avoid holding safety siderails unless necessary.
The performance sequence (walk-to-run or run-to-walk first) and inclination conditions were
4

The angle of the slope of the treadmill can be calculated from the percent inclination by the inverse
tangent of the percent inclination divided by 100. For example, to find the angle of inclination of 15
percent, one can compute the inverse tangent of 0.15, which turns out to be about 8.5 degrees.
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counterbalanced across participants. The participant’s leg length was defined by adding the measure
of hip-to-knee and knee-to-ankle. The participants were tested on the treadmill with constantly
increasing or decreasing speed at constant increments of 0.045 m/s every 2 s (yielding a constant
acceleration or deceleration of approximately 0.02 m/s2). The experimental speed range was between
1.5 to 2.5 m/s. Each participant was tested under 3 different inclination angles (0, 5%, and 10%).
Design and Analysis
The experiment was based on a 3 (inclination: zero inclination, 5% inclination, 10%
inclination) × 2 (sequence: O+, O−) within-subjects design. There were two repetitions for each
trial. Hence, participants performed 12 trials in sum. The transition speeds were averaged across
repetitions. Critical Fr was computed for each participant as in Experiment 1. The Frc,1 and Frc,2
(critical transition Fr for descending and ascending sequences, respectively) values for the three
inclinations were then substituted into Equations (26)-(28) to calculate the values of L2,0 and I
parameters for different inclinations.
Results
The purpose of this experiment was to examine whether by changing the treadmill’s
inclination, as another environmental constraint on (X◊Z)Y, we can observe a significant change
in the amount of hysteresis or a reversion to negative hysteresis. Similar to the previous
experiment, model parameter estimated from empirical observation can verify the hypothesis
with regard to the characteristics of gait transition dynamics under this environmental constraint.
The reduction of hysteresis toward zero or a negative value is associated with decreasing
estimated I parameter or the interaction between attractive states.
The experimental results showed that participants exhibited positive hysteresis. In the
ascending sequences, participants switched from walking to running at larger Fr (Mean =
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0.46±0.06) than the descending sequences (Mean = 0.36± 0.07). Figure 5 demonstrates mean Fr
for all conditions.
Figure 6 shows the percentage transition vs. Fr for the three inclination conditions and the two
sequences for each, ascending and descending. The figure depicts positive hysteresis for al three
conditions. A 3 (Inclination) × 2 (Sequence) within-subjects ANOVA on the mean Fr revealed that
there was a significant effect for Inclination; F(2, 28) = 42.14, p < 0.001 and a significant effect for
Sequence (Ascending vs. Descending); F(1, 14) = 86.56, p < 0.001. However, the interaction effect
between Sequence × Inclination was not significant replicating the results of Hreljac et al. (2007);
participants did not show significant difference in the amount of hysteresis for different inclination
conditions (Mean ΔFr0% = 0.12, Mean ΔFr5% = 0.10 and Mean ΔFr10% = 0.09).
With regard to the interaction parameter I in the GT model, if the amount of hysteresis
would be affected across different inclination levels, then it would be expected that I should
change significantly across conditions due to the larger or smaller bistable zone. ANOVA only
suggested an effect of I, F(2, 28) = 2.63, p = 0.09. The values of I decreased mildly with the
inclination level (Mean0% = 1.59± 0.24; Mean5% = 1.42± 0.29; Mean10% = 1.42±0.27).
With regard to the L2,0 parameter, it was expected that it would be larger for the higher
inclination level. This is due to the fact that participants switched to running mode earlier.
Hence, the expectation from Equation (28) would be the larger availability of this attractive state.
An ANOVA on the L2,0 values for the different inclination levels yielded a significant effect of
Inclination, F (2, 28) = 46.13, p < 0.001. L2,0 was larger for non-zero inclination (Mean10% =
0.26±0.12; Mean5% = 0.18± 0.13) than for zero inclination (Mean0% = 0.10±0.14).
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Discussion
The results of Experiment 2 indicate that increasing levels of inclination significantly moved
the attractor location, however, it did not significantly change the amount of hysteresis. This
explains that even though changing the inclination of the treadmill, as another environmental or
biomechanical constraint on the system, pushes critical Fr toward lower values, the positivity of the
hysteresis remains stable. In other words, the environmental constraint shifts the attractors to the
lower values but it is always the case that the walk-to-run critical Fr is larger than that for the run-towalk. Also, according to the ANOVA results, the non-significant interaction effect between
Inclination and Sequence indicates that the amount of hysteresis does not significantly change across
different inclinations.
In sum, Experiments 1 and 2 suggest that the commonly observed magnitude of positive
hysteresis of gait transition dynamics in treadmill locomotion is relatively indifferent to variations in
treadmill acceleration and treadmill slope. The manipulation of these environmental constraints did
not reverse hysteresis from positive to negative.
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Chapter 4
Effect of Cognitive Constraints on the Dynamics of Gait Transitions
Many everyday actions occur in the context of other activities, including those that are relevant
to accomplishing a task and those that are irrelevant to that task, actions that might demand attention
and cognitive resources and constrain the perception or actualization of affordances. In locomotion
research, in particular, it has been suggested that even though walking is a highly practiced task, gait
parameters related to control of balance are subject to modifications according to the attentional
demand of concurrent tasks (Ebersbach, Dimitrijevic, & Poewe, 1995).
Experiment 3 is aimed at extending the findings of Experiment 1 and 2 and investigating how
the addition of a cognitive load requiring participants to count backward by ones or sevens starting
from a three-digit number may affect the hysteresis. As an example, Experiment 2 of LoprestiGoodman, Richardson, Baron, Carello, and Marsh (2009) revealed exaggerated positive hysteresis
with increased cognitive task difficulty in perception of the affordance of graspability.
Let us speculate how the exaggeration of positive hysteresis as found in grasping
transitions could look like in the context of gait transitions. Figure 7 shows a hypothetical
schema of such an exaggeration of the positive hysteresis for gait transitions. In this Figure, the
black loop corresponds to a no-load condition when there is no concurrent activity to be
performed with the task (the solid line represents an ascending sequence or increasing the speed
while the dashed line represents a descending sequence or decreasing the speed). With the
addition of concurrent cognitive activity and the increase of its difficulty, the area inside the
hysteresis loop starts increasing as shown by gray curves in Figure 7. The lighter gray lines
correspond to the more difficult cognitive task (counting backward by 7s) that explain the more
exaggerated hysteresis.
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In contrast to the previous experiments in the present study, the addition of a concurrent
cognitive task (e.g., counting backward by sevens) is a situational constraint that is not immediately
relevant to the biomechanical coupling of the organism-environment system. However, this type of
constraint should lead to a re-parameterization of the gait transition system resulting in a qualitative
change in behavior. In particular, it is expected that concurrent cognitive activity will displace the
attractor location (e.g., as in Pellecchia et al., 2005). In other words, the influence of concurrent
cognitive activity ought to be seen in the amount of hysteresis (more positive hysteresis). However,
since the imposed constraint is situational, the direction of the hysteresis will be unaffected. In other
words, it is expected that constraining the system cognitively will affect the hysteresis (in particular,
it exaggerates the hysteresis) but should not result in the emergence of a negative hysteresis.
Experiment 3
Method
Participants. A group of 15 participants (6 women, 9 men; Mean Age = 23.1±3.0 years; Mean
Leg Length = 90.6±6.6cm) from the University of Connecticut participated in this experiment.
Participants were paid for their participation at a rate of $10 per hour. The university’s Institutional
Review Board approved all procedures.
Materials. The Trackmaster TMX-425 treadmill (180kg capacity, running surface of 76 × 160
cm, speed range 0.22 to 5.36 m/s, inclination range 0 to 25%) with manual controller as in the
previous experiments was also used in this experiment.
Procedure. Each participant completed two repetitions of O+ sequences (ascending or walk-torun) and two repetitions of O− sequence (descending or run-to-walk) of treadmill’s speeds for 3
different conditions (no concurrent cognitive activity, counting backwards by one and counting
backwards by 7). Participants were told which sequence (ascending or descending) and what
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cognitive task they were supposed to perform at the beginning of a trial. Before the experimental
trials, participants completed a practice trial for each of the sequences at no inclination. The final
results were based on averaging across repetitions. The participants were asked to avoid holding
safety siderails unless necessary. In the case of counting backwards conditions, the participants did
the task verbally and loudly. The performance sequence (walk-to-run or run-to-walk first) and
different task conditions were counterbalanced across participants. The participant’s leg length was
defined by adding the measure of hip-to-knee and knee-to-ankle. The participants were run on the
treadmill with constantly increasing or decreasing speed at constant increments of 0.045 m/s every 2
s (yielding a constant acceleration or deceleration of approximately 0.02 m/s2).
Design and Analysis
The experiment was based on a 2 (sequence: O+, O−) × 3 (condition: no concurrent
cognitive activity, counting backwards by one, counting backwards by seven) within-subjects
design. There were two repetitions for each trial. Hence, participants performed twelve trials in
sum. The transition speeds were averaged across repetitions. The critical Froude numbers (Fr)
were computed for each participant as in the previous experiments. The Frc,1 and Frc,2 (critical
Fr for descending and ascending sequences, respectively) values for the three conditions were
then substituted into Equations (26)-(28) to calculate the values of L2,0 and I, for different
conditions.
Results
This experiment was aimed at testing the predictions on the effect of a concurrent cognitive
activity on the dynamics of gait transition. The question posed was how the cognitive load, at
different levels of task difficulty, acting as a constraint on the system, can affect the dynamics of
the system—in particular the amount and direction of hysteresis. It was expected that increases
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in task difficulty would result in increases in the amount of positive hysteresis exhibited (ΔFr).
Additionally, in terms of parameters of the GT model, it was predicted that exaggeration in
hysteresis would increase the interaction between the two modes and hence would result in larger
I. Moreover, L2,0, signifying the stability of the running mode would also be expected to increase.
The experimental results showed that participants switched from walking to running at
larger Fr in the ascending sequences than in the descending sequences in all conditions. In the
ascending sequences, participants switched from walking to running at larger Fr (Mean=0.46;
SD=0.08) than the descending sequences (Mean=0.33; SD=0.06). Figure 8 demonstrates mean
Froude numbers for individual conditions.
A 3 (Task) × 2 (Sequence) within-subjects ANOVA on mean Fr revealed that there was a
significant effect for Cognitive Task; F (2, 28) = 7.2, p < 0.01 and a significant effect for Sequence
(Ascending vs. Descending); F (1, 14) = 81.8, p < 0.001. Additionally, as predicted, the interaction
effect between Sequence × Cognitive Task was also significant; F (2, 28) = 13.8, p < 0.001, with
participants in the no load condition exhibiting mild positive hysteresis (ΔFrmean = 0.07), those in the
counting backward by 1s condition exhibiting moderate positive hysteresis (ΔFrmean = 0.13) and
those in the counting backward by 7s condition exhibiting exaggerated positive hysteresis (ΔFrmean =
0.20). These results indicate that increasing levels of task difficulty result in increasing levels of
positive hysteresis. Moreover, although in the ascending condition the critical Froude number for the
counting backward by 7s condition was negligibly smaller than that for counting backward by 1s, a
paired t-test indicated that the hysteresis ΔF was significantly larger for 1s condition than 7s
condition, F (1, 14) = 7.78, p < 0.05.
Figure 9 shows the percentage transition vs. Froude numbers for the three conditions and the
two sequences for each, ascending and descending. Positive hysteresis in this Figure is evident in all
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conditions. Also it is noticeable that the area between the two curves (for Ascending and Descending
sequences) increases with the increasing cognitive task difficulty indicating an exaggerated
hysteresis across the conditions.
With regard to the GT model parameters, it was expected that I would be significantly
larger for the more difficult cognitive load conditions than the less difficult ones, indicating that
the strength of the interaction between the two gaits increased with more difficult tasks. This
corresponds to the increased bistable zone because of the exaggerated hysteresis. As expected,
the values of I increased with the difficulty of the task (Meanno-load = 1.39±0.32; Mean1s =
1.92±0.73; Mean7s = 2.36±0.89). Moreover, an ANOVA revealed that the effect of Cognitive
Load was significant, F (2, 28) = 10.42, p < 0.001.
With regard to the L2,0 parameter, it was expected that it would be larger for the more
difficult cognitive tasks. In fact, L2,0 was larger for the more difficult load conditions (Mean7s =
0.26±0.14; Mean1s = 0.19±0.14) than the no-load condition (Meanno-load = 0.18±0.15). An
ANOVA on the L2,0 values for the different load conditions yielded a significant effect of
Cognitive Load, F (2, 28) = 7.22, p < 0.01.
Discussion
The results of Experiment 3 confirmed the predictions about the dynamics of gait transition
when participants are engaged in some kind of concurrent cognitive task. The predictions were
made based on the previous studies with regards to empirical observation of hysteresis in
behavioral transition (e.g. Lopresti-Goodman et al., 2009). In particular, as schematically shown
in Figure 7, it was predicted that the hysteresis is amplified when the difficulty of the
simultaneous cognitive activity increases. The experimental evaluation of the GT model
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parameters also demonstrated the compatibility of the modeling strategy for the study of gait
transition.
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Chapter 5
Effect of Functional Distance on the Dynamics of Gait Transition
The fourth experiment addresses the possibility that negative hysteresis will emerge through a
manipulation of the functional distance between the perceiver and the relevant property of the
organism-environment system (preferred gait in the present paradigm). According to the literature,
increasing the functional distance between perceiver and a relevant property of the environment
contributes to the decrease in the size of the hysteresis effect (Dotov, 2013; Fitzpatrick et al., 1994;
Lopresti-Goodman et al., 2011; 2013; Richardson et al., 2007).
Based on the definition, the functional distance in a situation when the participant is to make a
verbal judgment is larger than when the participant is actually being engaged with some kind of
activity that can guide the perceptual judgment. The functional distance between the perceiver and
the environment can be increased at several levels depending on the experimental paradigm. In the
present paradigm, we assume that the functional distance can be manipulated at least at two different
levels. One level that leads to perhaps the largest functional distance is to ask the participants to
make their judgments verbally while they are standing off the treadmill. This level is comparable to
the verbal judgments about the graspability of objects without performing the grasping activity in
Lopresti-Goodman et al. (2009). Their experimental results revealed that human participants tend to
switch early from unimanual grasping to bimanual grasping in a sequence of increasing object sizes,
or from bimanual grasping to unimanual grasping in a sequence of decreasing object sizes leading to
significant negative hysteresis in transition values. Similarly, in the present paradigm, in the
“offline” verbal condition, standing participants next to the treadmill, were asked to report their type
of activity (walking or running) if they were actually on the operating treadmill with varying speeds
(see Figure 10, right panel). In the second level of manipulating functional distance, “active”
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participants were supposed to report, prospectively, their type of activity in the event of increasing or
decreasing the speed in the course of walking or running on the treadmill (see Figure 10, left panel).
The functional distance in this scenario is smaller than when the participants report their judgments
while standing off the treadmill and larger than when they are performing the actual gait.
Prospectivity or “future-looking” has also been conjectured as a reason for negative hysteresis in
behavioral experiments. For example, negative hysteresis behavior has been found in the frequency
at which participants switch from performing a discrete-like movement to performing a harmonic
movement (Levy-Tzedek, Ben Tov, & Karniel, 2011). The authors suggested that predictive control
might guide the early switching between movement types, in anticipation of the future.
In sum, Experiment 4 seeks to find whether by manipulating the functional distance at two
levels, namely the verbal report task while standing off the treadmill and the anticipatory or
prospective judgment task, negative hysteresis can be emergent as predicted based on the
experimental observations in other paradigms as mentioned earlier.
Experiment 4
Method
Participants. A group of 18 participants (9 women, 9 men; Mean Age = 22.5±3.7 years; Mean
Leg Length = 90.2±6.5cm) from the University of Connecticut participated in this experiment.
Participants were paid for their participation at a rate of $10 per hour. The university’s Institutional
Review Board approved all procedures.
Materials. The same Trackmaster TMX-425 treadmill as in the previous experiments was used
in this experiment. The treadmill had two markers on its belt that at least in the verbal report task
could potentially be used as a cue to the participants.
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Procedure. Each participant completed an O+ sequences (ascending or walk-to-run) and an O−
sequence (descending or run-to-walk) of treadmill’s speeds for two different manipulations, i.e. the
verbal repost while standing off the treadmill (offline verbal task) and the prospective judgment
(anticipation task) (see Figure 10). In the verbal task, the participants were told to stand in front of
the treadmill and “imagine” that they are actually on the treadmill when it is operating. They were
instructed to verbally report their mode of performance, walk or run, after hearing a sound, which
was made by a computer, at each time the speed was changed by the experimenter. In the
anticipation task, the walking or running participants on the treadmill were asked to report verbally
their mode of performance if the speed was to increase or decrease by fixed amount at each time.
They reported their response after hearing a sound at each step similar to the verbal task. The
performance sequence (walk-to-run or run-to-walk first) for different tasks was counterbalanced
across participants. However, participants always did the verbal task first. The participants’ leg
length were measured similar to the previous experiments. The acceleration or deceleration rate or
the rate at which the speed was changed during a trial was fixed at approximately 0.02 m/s2 (the
speed was changed at constant increments of 0.09m/s every 5s). The speed range for an experimental
trial for the verbal task was either 1.1-2.1m/s or 1.5-2.5 m/s depending on the participant’s lowest
perceived speed of walking after a simple calibration test. The speed range for the anticipation task
was fixed for all participants (1.5-2.5 m/s).
Design and Analysis
The experiment was based on a 2 (Task: Offline Verbal, Anticipation) × 2 (Sequence: O+, O−)
within-subjects design. The critical Froude numbers (Fr) were computed for each participant as in
the previous experiments. The Frc,1 and Frc,2 (critical Fr for descending and ascending sequences,
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respectively) values for the two tasks were then substituted into Equations (25)-(28) to calculate the
values of h, I and L2,0.
Results
The purpose of this experiment was to determine whether varying the functional distance
between the participant and the task would change the direction of hysteresis from a situation
where the affordance is actualized e.g. as in Experiment 1.
It was expected that negative hysteresis (Frc,2 < Frc,1) would occur in the offline verbal
trials and that a critical point transition (Frc,2 ≈ Frc,1) would occur in the anticipation trials. This
is due to the larger functional distance between the perceiver and the treadmill in the offline task
than in the anticipation task. In the offline verbal task, the participant is far from the relevant
property of the environment and the judgment is more analytical and based on impoverished
conditions of stimulation (optic, haptic). While in the anticipation task, although the judgment is
not on the current states of affairs but the upcoming future events, the participant has further
information with regards to the environment due to the active engagement in the task.
In terms of GT model parameters, the differences in the hysteresis were expected to result
in larger values of the I parameter and smaller values of the h parameter for the anticipation
(Figure 10a) than the offline (Figure 10b) verbal trials. It was also expected that L2,0 would be
larger for the offline verbal than the anticipation trials.
Results indicated that, for the offline verbal task, in the ascending sequences, participants
switched from walking to running at smaller Froude numbers (Mean=0.27±0.10) than in the
descending sequences (Mean=0.38±0.18); negative hysteresis was exhibited. For the anticipation
task, on average, participants tended to switch from walking to running in an ascending sequence
at similar Froude numbers (Mean=0.43±0.08) when they switched from running to walking in a
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descending sequence (Mean=0.43±0.07) indicating a critical point (See Table 2 for individual
behavioral transitions for the two conditions). Figure 11 demonstrates mean Froude numbers for
each condition. Finally, in the ascending sequences, participants switched from walking to
running at smaller Froude numbers (Mean=0.35±0.06) than the descending sequences
(Mean=0.40±0.10).
A 2 (Task) × 2 (Sequence) within-subjects ANOVA on the mean Froude numbers revealed
that there was a significant effect of Task, F (1, 17) = 12.85, p < 0.005. The effect of Sequence
was also significant, F (1, 17) = 9.16, p < 0.01. The interaction effect between Task and
Sequence was also significant, F (1, 17) = 12.09, p < 0.005; the amount of hysteresis
significantly changed across the two tasks, ΔFrverbal = -0.11 and ΔFranticipation = 0.00. Figure 12
depicts the percentage running vs. Froude numbers for the two tasks and the two sequences for
each, ascending and descending.
In the GT2 model, the parameter h is the nonobvious control parameter that partners with
the obvious control parameter Fr in producing negative hysteresis (See the discussion on
impossibility of emergence of negative hysteresis in a dynamical system with a single control
parameter; Lopresti-Goodman et al., 2013). Since negative hysteresis was dominantly observed
in Experiment 4, the model parameter h played an important role in model predictions. Hence, h
together with other parameters, I and L2,0, were computed using Equations (25)-(28) for the two
tasks. Since negative hysteresis was found for the verbal task and critical point for the
anticipation task, it was predicted that h for the verbal task ought to exceed h for the anticipation
task. In fact, it was found that the parameter h increased from control to anticipatory to verbal
task (Mean hverbal= 0.125±0.11; Mean hanticipation= 0.037±0.02). A repeated measures ANOVA
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revealed a significant difference between the h values, F (1, 17) = 11.87, p < 0.005, confirming
the predictions about the experimental outcomes.
As far as the parameter I was concerned, I for the anticipation task (Mean Ianticipation=
1.09±0.20) was numerically larger than I for the verbal task (Mean Iverbal= 0.87±0.20). A
separate repeated measures ANOVA revealed a significant difference between the I values for
the two tasks, F (1, 17) = 14.22, p < 0.005.
With respect to L2,0, repeated measures ANOVA revealed that it was significantly larger
for the verbal task (Mean L2,0,verbal= 0.35±0.26) than for the anticipation task (Mean
L2,0,anticipation= 0.14±0.14), F (1, 17) = 12.60, p < 0.005, indicating that availability of the running
mode was stronger in the verbal task than the anticipation task.
Discussion
In sum, the statistical analysis of the results verified that transitions happened significantly
earlier in the less active offline verbal task than in the more active anticipation task. Negative
hysteresis was found in offline verbal trials and critical point was found in anticipation trials.
Similarly, the model-based parameter estimation determined increased parameter h in the offline
task and increased competition in the anticipation task. It can be concluded that the theoretical
prediction—that perception in the treadmill task is by way of action—was supported. Availability of
action modes increases the richness of perceptual possibilities associated with the increasing
interaction between the stable modes. Lack of possibilities for action on the other hand results in
early switching to unstable modes due to the lack of opportunities for exploration.
Moreover, it was found that the attractor of the running mode was stronger in the verbal
task than in the anticipatory task. Since the attractor strength is a relative variable, this is
equivalent to saying that the attractor of the walking mode was weaker in the verbal task than in
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the anticipatory task. This weaker stability of the verbal Y condition could be related to
perception–exploration rather than to perception–performance. For example, Mark et al. (1990)
found that subtle restrictions of body movement induced by having the participant stand with his
or her back pressed firmly against a wall led to impaired detection (assessed by verbal Y) of the
boundary that marked the maximum height of a visible surface that afforded the act of sitting.
When normal postural fluctuations during standing were allowed, verbal reports reflected
maximum sitting capability accurately, a perceptual change that occurred without performing the
activity of sitting. In the present experiment, although perceivers in the anticipation task did not
perform the gait proper for the next step (in the event of increasing or decreasing the speed), they
were capable of exploring the possibilities for action compared to the offline task in which the
exploration opportunities were highly restricted.
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Chapter 6
General Discussion
The dynamical systems approach to perception and action seeks to provide a framework for
organism-environment (O-E) system as a nonlinear self-organized system whose stable patterns of
behavior emerge from the lawful interactions among its components. Such a system exhibits typical
features such as classical positive hysteresis and the more recently revealed negative hysteresis that
are observed across animate and non-animate or physical systems. The goal of this dissertation was
to understand positive and negative hysteresis in gait transition behavior in humans as a nonlinear
self-organizing system through empirical and physical modeling methodologies. This effort was an
important step in accommodating the gait transition behavior into the class of nonlinear biological
self-organizing systems. In Chapter 2, an adapted version of the extended GT model (GT2 model;
Lopresti-Goodman et al., 2013) to the problem of gait transition was provided. The parameters of
this adapted model were estimated for the empirical results in Chapters 3 to 5 to discuss the observed
behavioral dynamics and in particular the nonlinear effect of hysteresis.
Experiments 1 and 2 (presented in Chapter 3) sought to evaluate the effect of environmental
constraints on the behavioral dynamics of gait transition. Experiment 1 inspired by the empirical
findings of Li (2000), studied the effect of acceleration on hysteresis in gait transition. According to
Li’s findings, acceleration (or deceleration) or the rate at which the speed of the treadmill is changed
during an experimental trial can affect the amount and the direction of hysteresis. Using a continuous
protocol, Li observed that among the five acceleration rates tested, the lowest rate changed the
direction of hysteresis from positive (higher transition speed for walk-to-run than for run-to-walk) to
negative (higher transition speed for run-to-walk than for walk-to-run). In the present Experiment 1,
an acceleration rate equivalent to the lowest acceleration rate used by Li was tested in a plateau
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protocol. Experiment 1 did not confirm Li’s results. Positive hysteresis was generally observed. The
observed positive hysteresis was also stable for a lower acceleration rate. The statistical analysis
showed that the amount of hysteresis did not significantly change across the two acceleration rates.
One possible explanation for the discrepancy between the results of Experiment 1 and those of Li
can be the difference in the adopted protocol. In fact, this is not uncommon in the available literature
on gait transition; there is considerable variability among the results across various studies using
different techniques and methodologies. From a biomechanical point of view, the walk–run
transition might be a response to stress in the dorsiflexor muscles, a response that is triggered as
walking speed approaches transition speed (e.g. Hreljac, 1995; Hreljac et al., 2001; Prilutsky et al.,
2001). If so, then this stress would likely be more perceptible the longer the decision period, as is the
case during a plateau trial (Hreljac et al., 2007), and less perceptible the shorter the decision period,
as is the case in the continuous protocol. It could be argued, therefore, that a plateau protocol is more
accurate in determining the transition speed than a continuous protocol. On the other hand, the
general hypothesis in the present dissertation is that the type of hysteresis (positive versus negative)
cannot be varied by an environmental or biomechanical constraint such as acceleration. Instead, the
negative hysteresis arises in situations where there is impairment in the perceptual-exploratory
cycles due to a lack of possibilities for action because of the increased functional distance or due to
an intentional constraint, for instance. From the modeling perspective, the statistical results showed
that the interaction parameter I was not significantly different across conditions corresponding to no
significant change in the amount of hysteresis. Also, the L2,0 parameter was not significantly affected
by the acceleration indicating the stability in the availability of YR.
In Experiment 2, another environmental constraint, that of inclination, was manipulated to
examine its effect on the dynamics of gait transition. In this experiment, participants also showed
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positive hysteresis in all conditions. The critical Fr decreased significantly with higher levels of
inclination. However, the amount of positive hysteresis was unaffected by inclination. The
implications of these results were similar to those of Experiment 1, that is, the environmental
constraint of inclination did not reverse the direction of hysteresis from positive to negative and the
amount of the hysteresis did not differ significantly across conditions. Moreover, estimated model
parameters confirmed this reasoning. Inclination did not significantly affect the parameter I,
meaning that the bistability was largely immune to inclination. On the other hand, the L2,0 parameter
increased significantly with inclination level demonstrating a significant change in attractor
locations. In fact, participants switched from walking to running earlier at higher inclinations and
hence larger availability of YR. In sum, as discussed, the environmental constraints, as situational
constraints, did not significantly affect the layout of attractors. Apparently, they can shift the
attractor locations but they are unable to force the system to exhibit premature switching. This is
because they essentially do not impair the perception-action cycle that is the key to the kind of
hysteresis observed. The perceiver is immersed in an environment that is rich with regard to
exploratory possibilities and action-relevant information.
Chapter 4 sketched the effect of another situational constraint—that of cognitive activity. A
cognitive constraint can alter the intrinsic dynamics of the perceiver with regards to the environment.
This alteration is in the form of relocation of attractors in the space. However, being situational, it is
not expected that cognitive constraints interrupt perceptual-exploratory performance. The actionrelevant information is constantly available to the perceiver. Hence, in line with the affordance
literature, given no reduction of action-relevant information, the early switching phenomena
(negative hysteresis) is not expected to be manifest. The experimental results showed that in this
experiment also participants exhibited positive hysteresis in all conditions. The amount of hysteresis
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significantly increased with the increased difficulty of the concurrent cognitive activity. The model
parameters also verified the stability in positive hysteresis across conditions. The values of
parameter I increased with the difficulty of task explaining an enlargement of the bistable zone and
corresponding intensified interaction between the two stable modes and confirming the exaggeration
in positive hysteresis. Parameter L2,0, on the other hand, amplified notably from no cognitive task to
the hardest task. This suggested that the running mode was more available with the increased task
difficulty mainly because participants largely kept running in the descending sequences. This was
parallel to the exaggeration in positive hysteresis. With regards to the observation of negative
hysteresis in the study by Getchell and Whitall (2004), it can be argued that in their experiment, the
constraint on the system was rather intentional than cognitive. The intentional switching between
symmetrical and asymmetrical gaits (e.g. walk-to-gallop or run-to-gallop; see Abdolvahab et al.,
2014) can be taken as acting as a constraint on the system that can modify the perception-action
cycle. The constraint in a sense is synthetic rather than natural and imposes an irregular dynamics on
the system that leads the perceiver to deviate from the attractive locus and demonstrate premature
switching and negative hysteresis.
Finally, in Chapter 5 the results of Experiment 4 were presented and discussed. In
Experiment 4, the effect of increasing the functional distance between the perceiver and the
environment was investigated. The functional distance, or the degree to which the perceiver is
engaged with the relevant property of the environment, was increased at two levels. In the first
level, the participant while being on an accelerated or decelerated treadmill had to prospectively
and verbally report the upcoming mode of activity (walking or running) based on a history of
previous modes of activity. Hence, the judgments were based not on the actual situation but on
the anticipation of the upcoming future event. In this way, the participant was in some sense
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detached from the environmental property that would directly specify the affordances if they
were available. The second level for increasing the functional distance was to ask the participants
to make their judgments while standing off the treadmill leading to a larger functional distance
compared to the first level. In Experiment 4, the large and small functional distance notion,
manifest as offline verbal and anticipation tasks, respectively, relates closely to the analytical
versus perceiving-acting distinction of Heft (1993). The findings of Heft indicated that
judgments about reachability of an object involving perceiving-acting were more accurate than
judgments limited to passive estimations. The results of Experiment 4 were compatible with the
findings of Heft and other studies in which the influence of functional distance was questioned. It
was expected that the early switching appears when participants were less engaged in a
perception-action loop. Compared to the general observation of positive hysteresis in the
previous experiments, in the anticipation task, participants showed critical point on average; the
critical Fr were approximately equal in the ascending and the descending trials and no significant
hysteresis was detected. In the offline verbal task, the participants had lower transition values for
walk-to-run than for run-to-walk exhibiting negative hysteresis.
The extended GT model has two levels. Level-1 formalizes the dynamics of the order
parameters. Level-2 is similar to a level of parameter dynamics. Using the h parameter, it
controls the evolution of the stability landscape or basins of attraction based on the perceiver’s
engagement in the perceptual-exploratory loop. In Experiment 4, because of the manipulation of
the functional distance, the h parameter plays a key role: it determines the extent to which selfregulation was in place to account for negative hysteresis. The parameter h was significantly
higher for the offline verbal condition than for the anticipation task, meaning that the mode
perceived to be afforded became less attractive at a quicker rate during the offline task,
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contributing to the premature switches. Moreover, the interaction or I parameter significantly
decreased when the functional distance was increased showing a contraction of the bistable zone
and an increased monostability and tendency to early transition. These results were in accord
with the fundamental hypothesis of this dissertation: that perception-action processes should be
conceptualized as a complex mode of functioning that can operate independently of analytical
processes. The dissociation of analytical and active perceptual modes compatible with previous
studies (as in e.g. Dotov, 2013; Lopresti-Goodman et al., 2013) was apparent in the results of
Experiment 4.
The literature is somewhat inconclusive about the hysteresis type in gait transitions (for a
discussion of this issue see e.g. Hreljac et al. 2007). Diedrich & Warren (1995) found positive
hysteresis as did Hreljac (1995b). In contrast, Turvey et al., (1999) found a negative ΔFr (Frc,2 <
Frc,1). Li (2000) found a negative ΔFr when the speed of the treadmill was changed slowly such
that the acceleration of the treadmill was lower than 0.04 m/s2, whereas a positive ΔFr (Frc,2 >
Frc,1) was found when the treadmill’s speed was changed quickly such that the acceleration was
more than 0.04 m/s2. Segers et al. (2006) used treadmill accelerations in the range of 0.05 to 0.10
m/s2 similar to those used by Li (2000). Segers et al. (2006) found negative ΔFr at all
accelerations including the 0.10 m/s2 condition at which Li (2000) observed positive hysteresis.
However, the differences reported by Segers et al. (2006) were not statistically significant.
Interestingly, when participants suffered from fatigue in a related experiment by Segers et al.
(2007) ΔFr shifted to even more extreme negative values. The shifts were statistically
significant. In our Experiment 1, the treadmill’s speed was increased or decreased at increments
of 0.09 m/s every 5 s. That corresponds to a treadmill’s acceleration or deceleration of
approximately 0.02 m/s2. Under this acceleration condition Li (2000) found a negative ΔFr,
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while in the present Experiment 1 a positive ΔFr was observed. The inconsistency of all these
results indicates that there are other factors (such as fatigue, see Segers et al., 2007) that affect
the hysteresis that can be observed in gait transition experiments on the treadmill. In order to
control for fatigue in our experiments for instance, in case of low acceleration or deceleration,
the trials were shortened and multiple repetitions of long trials were avoided.
With regards to the possibility of demand characteristics5, it seems that the gait transition
paradigm itself is to some extent immune to this phenomenon. The experiment is performed in a
relatively natural environment where the participant does not have plenty of opportunity to
“intellectualize” about the experiment and its goals. In fact, attentional resources that should be
allocated to activities of walking or running on the treadmill or cognitive loads (in the case of
performing a concurrent cognitive activity) appear to make the experimental design resistant to
demand characteristics. Moreover, the experimental procedures were conducted in such a
manner to minimize the sensitivity of experimental outcomes to different ways that the
participant could take a role in the experiment. For instance, interpersonal communication
between the participant and the experimenter, whether verbal or non-verbal that might influence
the participant’s perception of the experiment, were minimized. The experimenter displayed selfdiscipline across all experimental sessions (Orne, 1962). If there were multiple repetitions for a
trial, the experimenter avoided asking participants about their performance or their feeling about
the experiment until the experiment was fully complete. The goal of the experiment was clear
and the instructions were clear so that the participants could not guess many different hypotheses
and cause the data to be skewed. Additionally, none of the participants had prior knowledge
about the nature of the experiment before their participation.
5

Demand characteristics refer to an experimental artifact where participants form an interpretation of the
experiment’s purpose and consciously or unconsciously change their behavior to fit that interpretation.
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As stated in the Introduction in Chapter 1, a review of the literature on negative hysteresis
in physical systems indicates that a model on a one-dimensional control parameter space will be
unable to overcome the inconsistencies seen without the addition of a second control parameter
(e.g. Torre & Masoller, 2010). It is similarly the case in biological systems. For instance, in their
attempt to model differences in stimulus-response patterns of cardiac tissue as a function of
electrical current strength, Lorente and Davidenko (1990) stated the need for an additional
control parameter to account for the negative hysteresis exhibited in the Purkinje fibers. The
present study also confirmed that the extended GT model with two control parameters, Fr and h,
is a reliable methodology for the study of behavioral transitions and in particular the negative
hysteresis phenomena.
The application of the GT dynamical model to the problem of gait transition provided a
formalized methodology within a dynamical systems framework for the research in this domain.
This methodology can also be useful for other fields of science and technology. For example, the
present study has significant implications for mainstream robotics whose efforts are centered on
internal models of human behavior. The present study demonstrated that a higher order analysis
of behavior is mandatory for a successful modern robotics and artificial intelligence. The
formalized dynamical model used in this dissertation is readily accessible for scientists and
engineers to be embedded in or inspire holistic models needed in future AI and robotics.

46

References
Abdolvahab, M., Carello, C., Pinto, C., Turvey, M. T., & Frank, T. (2014). Symmetry and order
parameter dynamics of the human odometer. Biological Cybernetics, 1–11. doi:10.1007/s00422-0140627-1
Alexander, R. M. (1992). Exploring biomechanics: Animals in motion. New York: W. H. Freeman.
Bromley, D., D’Angelo, E. J., Grassi, H., Mathis, C., Tredicce, J. R., & Balle, S. (1993). Anticipation of
the switch-off and delay of the switch-on of a laser with a swept parameter. Optics
Communications, 99, 65-70.
Diedrich, F. J., & Warren, W. H., Jr. (1995). Why change gaits? Dynamics of the walk-run transition. Journal
of Experimental Psychology: Human Perception and Performance, 21, 183-202.
Diedrich, F. J., & Warren, W. H., Jr. (1998). Dynamics of human gait transitions. In D. A. Rosenbaum & C.
E. Collyer (Eds.) Timing of behavior: Neural, psychological, and computational perspectives (pp. 323343). Cambridge: MIT Press.
Dotov, D. (2013). Positive hysteresis, negative hysteresis, and oscillations in visual perception. (Unpublished
doctoral dissertation). University of Connecticut, Storrs, CT.
Ebersbach, G., Dimitrijevic, M. R., & Poewe, W. (1995). Influence of concurrent tasks on gait: a dual-task
approach. Perceptual and Motor Skills, 81, 107-113.
Fitzpatrick, P., Carello, C., Schmidt, R. C., & Corey, D. (1994). Haptic and visual perception of an affordance
for upright posture. Ecological Psychology, 6, 265-287.
Frank, T. D., Richardson, M. J., Lopresti-Goodman, S. M., & Turvey, M. T. (2009). Order parameter
dynamics of body-scaled hysteresis and mode transitions in grasping behavior. Journal of Biological
Physics, 35, 127-147.
Getchell, N., & Whitall, J. (2004). Transitions to and from asymmetrical gait patterns. Journal of Motor
Behavior, 36, 13-27.
Gibson, J. J. (1979). The ecological approach to visual perception. Boston, MA: Houghton Mifflin.
Haken, H. (1977). Synergetics. Berlin: Springer.
Haken, H. (1983). Advanced synergetics. Berlin: Springer.
Haken, H. (1991). Synergetic computers and cognition-a top-down approach to neural nets. Berlin:
Springer-Verlag.
Heft, H. (1993). A methodological note on overestimates of reaching distance: Distinguishing between
perceptual and analytical judgments. Ecological Psychology, 5, 255-271.
Hirose, N., & Nishio, A. (2001). The process of adaptation to perceiving new action capabilities. Ecological
Psychology, 13, 49-69.

47

Hreljac, A. (1993a). Preferred and energetically optimal gait transition speeds in human locomotion. Medicine
and Science in Sports and Exercise, 25, 1158-1162.
Hreljac, A. (1993b). Determinants of the gait transition speed during human locomotion: kinetic factors. Gait
& Posture, 1, 217-223.
Hreljac, A. (1995a). Determinants of the gait transition speed during human locomotion: kinematic
factors. Journal of Biomechanics, 28, 669-677.
Hreljac, A. (1995b). Effects of physical characteristics on the gait transition speed during human
locomotion. Human Movement Science, 14, 205-216.
Hreljac, A., Arata, A., Ferber, R., Mercer, J. A., & Row, B. S. (2001). An electromyographical analysis of
the role of dorsiflexors on the gait transition during human locomotion. Journal of Applied
Biomechanics, 17, 287-296.
Hreljac, A., Imamura, R., Escamilla, R. F., & Edwards, W. B. (2007). Effects of changing protocol, grade,
and direction on the preferred gait transition speed during human locomotion. Gait & Posture, 25, 419424.
Levy-Tzedek, S., Ben Tov, M., & Karniel, A. (2011). Early switching between movement types: indication of
predictive control? Brain Research Bulletin, 85, 283-288.
Li, L. (2000). Stability landscapes of walking and running near gait transition speed. Journal of Applied
Biomechanics, 16, 428-435.
Li, L., & Hamill, J. (2002). Characteristics of the vertical ground reaction force component prior to gait
transition. Research Quarterly for Exercise and Sport, 73, 229-237.
Lopresti-Goodman, S. M. (2009). Behavioral dynamics of affordance transitions. (Unpublished doctoral
dissertation). University of Connecticut, Storrs, CT.
Lopresti-Goodman, S. M., Richardson, M. J., Baron, R. M., Carello, C., & Marsh, K. L. (2009). Task
constraints on affordance boundaries. Motor Control, 13, 69-83.
Lopresti-Goodman, S. M., Turvey, M. T., & Frank, T. D. (2011). Behavioral dynamics of the affordance
“graspable”. Attention, Perception, & Psychophysics, 73, 1948-1965.
Lopresti-Goodman, S. M., Turvey, M. T., & Frank, T. D. (2013). Negative hysteresis in the behavioral
dynamics of the affordance “graspable”. Attention, Perception, & Psychophysics, 75, 1075-1091.
Lorente, P., & Davidenko, J. (1990). Hysteresis phenomena in excitable cardiac tissues. Annals of the
New York Academy of Sciences, 591, 109-127.
Mark, L. S., Balliett, J. A., Craver, K. D., Douglas, S. D., & Fox, T. (1990). What an actor must do in
order to perceive the affordance for sitting. Ecological Psychology, 2, 325-366.
Mayergoyz, I. D. (2003). Mathematical models of hysteresis and their applications. Academic Press.
Orne, M. T. (1962). On the social psychology of the psychological experiment: With particular reference
to demand characteristics and their implications. American psychologist, 17, 776.

48

Pellecchia, G. L., Shockley, K., & Turvey, M. T. (2005). Concurrent cognitive task modulates coordination
dynamics. Cognitive Science, 29, 531-557.
Prilutsky, B. I., & Gregor, R. J. (2001). Swing-and support-related muscle actions differentially trigger
human walk–run and run–walk transitions. Journal of Experimental Biology, 204, 2277-2287.
Reed, E. S. (1996). Encountering the world: Toward an ecological psychology. Oxford University Press.
Richardson, M. J., Marsh, K. L., & Baron, R. M. (2007). Judging and actualizing intrapersonal and
interpersonal affordances. Journal of Experimental Psychology: Human Perception and Performance, 33,
845-859.
Segers, V., Aerts, P., Lenoir, M., & De Clercq, D. (2006). Spatiotemporal characteristics of the walk-torun and run-to-walk transition when gradually changing speed. Gait & Posture, 24, 247-254.
Segers, V., Lenoir, M., Aerts, P., & De Clercq, D. (2007). Kinematics of the transition between walking
and running when gradually changing speed. Gait & posture, 26, 349-361.
Shaw, R., Turvey, M. T., & Mace, W. (1982). Ecological psychology: The consequence of a
commitment to realism. In W. Weimer & D. Palermo (Eds.), Cognition and the symbolic processes II
(pp. 159-226). Hillsdale, NJ: Erlbaum.
Torre, M. S., & Masoller, C. (2010). Dynamical hysteresis and thermal effects in vertical-cavity surfaceemitting lasers. IEEE Journal of Quantum Electronics, 46, 1788-1794.
Tredicce, J. R., Arecchi, F. T., Lippi, G. L., & Puccioni, G. P. (1985). Instabilities in lasers with an
injected signal. JOSA B, 2, 173-183.
Tuller, B., Case, P., Ding, M., & Kelso, J. A. (1994). The nonlinear dynamics of speech
categorization. Journal of Experimental Psychology: Human Perception and Performance, 20, 3-16.
Turvey, M. T., & Shaw, R. (1979). The primacy of perceiving: An ecological reformulation of perception
for understanding memory. In L-G Nilssen (Ed.), Perspectives on memory research: In honor of
Uppsala University’s 500th anniversary (pp. 167-222). Hillsdale, NJ: Erlbaum.
Turvey, M. T., Holt, K. G., LaFiandra, M. E., & Fonseca, S. T. (1999). Can the transitions to and from
running and the metabolic cost of running be determined from the kinetic energy of running? Journal of
Motor Behavior, 31, 265-278.
Warren, W. H., Jr. (1984). Perceiving affordances: visual guidance of stair climbing. Journal of Experimental
Psychology: Human Perception and Performance, 10, 683-703.

49

Figures
Figure Captions:
Figure 1. Positive hysteresis vs. Negative hysteresis in Gait Transition
Figure 2. Mean critical Fr with error bars representing standard deviations
Figure 3. Positive hysteresis at different acceleration magnitudes (acceleration = 0.01m/s2, top panel;
acceleration = 0.02m/s2, bottom panel)
Figure 4. Hysteresis in gait transition at different inclination conditions
Figure 5. Mean critical Fr for different inclinations with error bars representing standard deviations
Figure 6. Positive hysteresis at different inclinations (Top panel: 0% inclination; Center panel: 5%
inclination; Bottom panel: 10% inclination)
Figure 7. Exaggeration in hysteresis in gait transition by concurrent cognitive activity
Figure 8. Mean critical Froude numbers for task conditions with error bars representing standard
deviations
Figure 9. Positive hysteresis for different cognitive task conditions (Top panel: No cognitive load;
Center panel: Counting backward by ones; Bottom panel: Counting backward by sevens)
Figure 10. Setting of Experiment 4; Left panel: anticipation task, right panel: offline verbal task
Figure 11. Mean critical Froude numbers for task conditions with error bars representing standard
deviations
Figure 12. Critical point for the anticipation task (top panel) and negative hysteresis for the
offline verbal task (bottom panel) in Experiment 4
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Tables
Table 1. Distribution of behavior modes in Experiment 1
Acceleration
0.02
0.01
Positive hysteresis
17
13
Negative hysteresis
1
2
Critical point
0
3
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Table 2. Distribution of behavior modes in Experiment 4
Behavior Mode Y
Anticipation
Verbal
Positive hysteresis
6
4
Negative hysteresis
7
14
Critical point
5
0

64

